Threshold collision-induced dissociation techniques are employed to determine the bond dissociation energies (BDEs) of complexes of alkali metal cations to trimethyl phosphate, TMP. Endothermic loss of the intact TMP ligand is the only dissociation pathway observed for all complexes. Theoretical calculations at the B3LYP/6-31G* level of theory are used to determine the structures, vibrational frequencies, and rotational constants of neutral TMP and the M ϩ (TMP) complexes. Theoretical BDEs are determined from single point energy calculations at the B3LYP/6-311ϩG(2d,2p) level using the B3LYP/6-31G* optimized geometries. The agreement between theory and experiment is reasonably good for all complexes except Li ϩ (TMP hosphate esters are integral parts of many biologically active molecules ranging from nucleic acids, lipids, and ATP to pesticides and nerve agents [1] [2] [3] . Serving as link components in nucleic acids, phosphate esters connect thousands of base pairs to form large molecules that contain the genetic information. These phosphate groups are deprotonated under physiological conditions. The resulting negative charges along the phosphate backbone are stabilized and neutralized by the binding of metal cations. Metal cations can and often do exert a significant influence on nucleic acid structure and genetic information transfer [4] . Metal cation binding reduces the repulsion between neighboring nucleotide units, and therefore influences the stabilization and structural dynamics of nucleic acids and lipids in membranes. For example, alkali and alkaline earth metal cations, including the most biologically important of these cations, Na ϩ and Mg 2ϩ , prefer to bind to a phosphate group rather than to the nucleobases or sugar moieties [5] . Mg 2ϩ is found to increase the melting temperature of DNA [6] . Metal cations may also be involved in the functioning of nucleic acids, e.g., metal cations are required for the proper functioning of all ribozymes [7] . Metal cation-nucleic acid interactions are currently of great interest because metal cations and metal cation-ligand complexes bind to DNA and regulate gene expression, act as drugs, or can be used as tools for molecular biology studies [8] . Hendry and Sargeson studied metal cation-promoted phosphate ester hydrolysis and found that the rate of hydrolysis is modulated by the size of the metal cation and the ease of formation of a four-membered chelate ring [9] . Dempcy and Bruice found a pentacoordinate intermediate for the catalysis of alkyl phosphate diesters [10] . Schneider and Kabelac et al. [11] studied the distribution of five metal cations (i.e., Na
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2ϩ
, and Zn 2ϩ ) and water around a negatively charged phosphate group from various crystal structures, and found that all of the cations prefer asymmetric monodentate coordination over bidentate coordination. Their ab initio calculations suggest that bidentate binding of these metal cations to an isolated phosphate group is preferred, but that the presence of even a single water molecule alters this preference. Ab initio calculations of hydrated cations, Mg 2ϩ and Ca 2ϩ , with dimethyl phosphate also found that cations prefer monodentate binding, as a result of the mutual interaction between the cation, phosphate, and water molecules [12] .
To better understand how cation binding influences both the structure and stability of phosphate esters, we have undertaken systematic studies aimed at the characterization of the structures, cation binding affinities, and activation propensities of metal cation-phosphate ester complexes. A wide variety of metal cations are included to examine the influence that the size, charge, and valence electronic structure of the metal cation has on the binding and activation propensities. Thus, the metal cations being investigated include main group metal (Li, Na, K, Rb, Cs, Mg, Al) and transition-metal (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) cations in their ϩ1 and ϩ2 oxidation states as appropriate. A variety of model phosphate esters are also included to examine the influence that the size, number, and nature of the alkyl groups, the presence of acidic hydrogen atoms, and the charge (neutral versus deprotonated) has upon the binding and activation propensities. Thus, the model phosphate esters being investigated include mono-, di-, and trimethyl phosphate, mono-, di-, and triethyl phosphate, and mono-and di-isopropyl phosphate. In particular, both neutral and deprotonated phosphate esters are included in our studies because although nucleic acids are deprotonated under physiological conditions, the electrostatic interactions between metal cations and the deprotonated phosphate groups are mediated by intermolecular and solvation interactions in the condensed phases, and thus the true nature of the binding is probably stronger than to the neutral, but weaker than to the deprotonated phosphate ester. Because there are several favorable metal cation binding sites on nucleic acids, to the nucleic acid bases, phosphate groups, and sugar moieties, the results of these studies coupled with complementary studies of metal cation binding to nucleic acid bases and sugars should allow rational prediction of the preferred metal cation binding sites to nucleic acids and control over the reactivity and dissociation characteristics of metal cation-nucleic acid complexes.
TMP is a simple phosphate ester that has been extensively studied using a variety of methods including vibrational spectroscopy [13] [14] [15] [16] [17] [18] [19] , NMR [14, 20] , microwave spectroscopy [21] , and computational methods [14, 17, 18, [21] [22] [23] [24] . Multiple conformers of TMP, designated as C1, C3, and Cs based upon their symmetry, have been found in the condensed and gas phases. In the C3 conformer, all three methyl groups are completely staggered with respect to one another. In the C1 conformer, one of the methyl groups is oriented away from the oxo oxygen, while the other two are staggered with respect to each other. In the Cs conformer, one of the methyl groups is also oriented away from the oxo oxygen atom as in the C1 conformer, but instead of being staggered with respect to each other, the two methyl groups are oriented opposite each other. In the condensed phase, the preferred conformation of TMP is strongly dependent upon the local environment. In solutions, the conformational equilibrium of TMP is strongly influenced by the properties of the solvent. In polar solutions, the C1 conformer is the most stable structure because of its larger dipole moment. In nonpolar environments, the C3 conformer is the most stable conformer. In the gas phase, the ultimate nonpolar medium, the C3 conformer corresponds to the global minimum, the C1 conformer is the next most stable conformer, and the Cs conformer is the least stable low-energy conformer.
In this initial study, trimethyl phosphate (TMP, Figure 1 ) is used as a simple model for the phosphate groups along the backbone of nucleic acids to study the influence of alkali metal cation binding on the structure and reactivity of phosphate esters in the gas phase. The strength of the interaction of TMP with alkali metal cations is characterized using threshold collisioninduced dissociation (TCID) techniques and theoretical electronic structure calculations. The kinetic energy dependences of the collision-induced dissociation (CID) of alkali metal cation-TMP complexes, M ϩ (TMP), with Xe are examined using a guided ion beam tandem mass spectrometer. The cross sections for endothermic loss of the intact TMP ligand are analyzed using methods previously developed to extract absolute M ϩ -TMP bond dissociation energies (BDEs) [25] . The trends in the binding of alkali metal cations to TMP are examined and allow determination of the influence of the size of the metal cation on the nature and strength of binding. The binding of alkali metal cations to TMP is also compared with that of acetone [26, 30] and methanol [27] [28] [29] [30] [31] [32] .
Experimental

General Procedures
Cross sections for CID of M ϩ (TMP), where M ϩ ϭ Li ϩ , Na ϩ , K ϩ , Rb ϩ , and Cs ϩ , are measured using a guided ion beam tandem mass spectrometer that has been described in detail previously [33] . Metal cations are generated in a continuous dc discharge by argon cation sputtering of a cathode with a cavity containing the alkali metal (Li, Na, and K) or chloride salt of the alkali metal of interest (RbCl and CsCl). Typical operating conditions of the discharge are 0.5 to 4.0 kV and 5 to 40 mA for alkali metal cation production in a flow of roughly 10% argon in helium. The complexes are generated in a flow tube ion source by condensation of the alkali metal cation and neutral TMP molecule. These complexes are collisionally stabilized and thermalized by in excess of 10 5 collisions with the He and Ar bath gases such that the internal energies of the ions emanating from the source region are believed to be well described by a Maxwell-Boltzmann distribution at room temperature. The ions are effusively sampled from the source, focused, accelerated, and focused into a magnetic sector momentum analyzer for mass analysis. Mass-selected ions are decelerated to a desired kinetic energy and focused into an octopole ion beam guide. The octopole passes through a static gas cell containing Xe at low-pressure (0.05 to 0.20 mTorr) to ensure that multiple ion-neutral collisions are improbable. The octopole ion guide acts as an efficient trap for ions in the radial direction. Therefore, loss of scattered reactant and product ions in the octopole region is almost entirely eliminated [34 -36] . Xe is used here, and in general for all of our CID measurements, because it is heavy and polarizable and therefore leads to more efficient kinetic to internal energy-transfer in the CID process [37] [38] [39] . Product and unreacted beam ions drift to the end of the octopole, where they are focused into a quadrupole mass filter for mass analysis, and subsequently detected with a secondary electron scintillation detector and standard pulse counting techniques. Ion intensities are converted to absolute cross sections using a Beers' law analysis as described previously [40] . Absolute uncertainties in cross section magnitudes are estimated to be Ϯ20%, which are largely the result of errors in the pressure measurement and the length of the interaction region. Relative uncertainties are approximately Ϯ5%.
Ion kinetic energies in the laboratory frame, E lab , are converted to energies in the center of mass frame, E CM , using the formula E CM ϭ E lab m/(mϩM), where M and m are the masses of the ionic and neutral reactants, respectively. All energies reported below are in the center-of-mass frame unless otherwise noted. The absolute zero and distribution of the ion kinetic energies are determined using the octopole ion guide as a retarding potential analyzer as previously described [40] . The distribution of ion kinetic energies is nearly Gaussian with FWHM between 0.2 and 0.4 eV (lab) for these experiments. The uncertainty in the absolute energy scale is Ϯ0.05 eV (lab).
Pressure-dependent studies of all CID cross sections examined here were performed because multiple collisions can influence the shape of CID cross sections and the threshold regions are most sensitive to these effects. Data free from pressure effects are obtained by extrapolating to zero reactant pressure, as described previously [41] . Thus, cross sections subjected to thermochemical analysis are the result of single bimolecular encounters.
Theoretical Calculations
To obtain model structures, vibrational frequencies, and energetics for neutral TMP and the M ϩ (TMP) complexes, simulated annealing and quantum chemical calculations were performed using HyperChem and Gaussian 03 [42] . First, 100 cycles of simulated annealing were performed to find reasonable candidates for the ground state structures. Geometry optimizations and frequency analyses were performed at the B3LYP/ 6-31G* level for all plausible low-energy neutral TMP and M ϩ (TMP) candidate structures. For the Rb ϩ and Cs ϩ complexes, geometry optimizations and frequency analyses were performed using a hybrid basis set in which the effective core potentials (ECPs) and valence basis sets of Hay and Wadt (HW) were used to describe the alkali metal cation [43] , while the all-electron 6-31G* basis sets were used for the C, H, P, and O atoms. As suggested by Glendening et al. [44] , a single polarization (d) function was added to the Hay-Wadt valence basis set for Rb and Cs, with exponents of 0.24 and 0.19, respectively. The calculated vibrational frequencies were scaled by a factor of 0.9804 [45] and are listed in the Supporting Data, Table 1S (which can be found in the electronic version of this article). Table 2S lists the rotational constants for the ground state conformations. Single point energy calculations at the B3LYP/6-311ϩG(2d,2p) and B3LYP/6-311ϩG(2d,2p)-HW levels of theory were performed using the B3LYP/6-31G* and B3LYP/6-31G*-HW optimized geometries. To obtain accurate energetics, zero point energy (ZPE) and basis set superposition error (BSSE) corrections were included in the calculation of the theoretical BDEs [46, 47] . Ground state structures were determined by comparing the absolute energies of the low-energy conformers of neutral TMP and the M ϩ (TMP) complexes. The polarizability of the ligand is one of the key factors that influence the strength of metal-ligand binding. A theoretical calculation of the polarizability of TMP based on a dipole electric field was carried out at the PBE0/6-311ϩG(2d,2p) level of theory. This level of theory was chosen because it has been shown to provide polarizabilities that are in better agreement with experimentally determined polarizabilities than values computed using the B3LYP functional used here for the structures and energetics of these systems [48] .
Thermochemical Analysis
The threshold regions of the CID cross sections are modeled using eq 1,
where 0 is an energy independent scaling factor, E is the relative translational energy of the reactants, E 0 is the threshold for reaction of the ground electronic and ro-vibrational state, and n is an adjustable parameter that describes the efficiency of kinetic to internal energytransfer [49] . The summation is over the ro-vibrational states of the reactant ions, i, where E i is the excitation energy of each ro-vibrational state and g i is the population of those states (⌺g i ϭ 1). The Beyer-Swinehart algorithm is used to evaluate the density of ro-vibrational states [50 -52] , and the relative populations, g i , are calculated as a MaxwellBoltzmann distribution at 298 K, the internal temperature of the reactants. The average internal energies at ϩ (TMP) complexes are also given in Table 1S . We have estimated the sensitivity of our analysis to the deviations from the true frequencies by scaling the appropriately prescaled vibrational frequencies (0.9804) by Ϯ10%. The corresponding change in the average vibrational energy is taken to be an estimate of one standard deviation of the uncertainty in vibrational energy (Table 1S ) and is included in the uncertainties listed with the E 0 and E 0 (PSL) values.
We also consider the possibility that the collisionally activated complex ions do not dissociate on the time scale of the experiment (ϳ100 s) by including statistical theories for unimolecular dissociation, specifically Rice-Ramsperger-Kassel-Marcus (RRKM) theory, into eq 1 as described in detail elsewhere [25, 53] . The ro-vibrational frequencies appropriate for the energized molecules and the transition states (TSs) leading to dissociation are given in Tables 1S and 2S , where we assume that the TSs are loose and product-like because the interaction between the alkali metal cation and TMP ligand is largely electrostatic. The TS vibrations used are the frequencies corresponding to the products, TMP. The transitional frequencies, those that become rotations of the completely dissociated products, are treated as rotors corresponding to a phase space limit (PSL) as described in detail elsewhere [25] .
The model represented by eq 1 is expected to be appropriate for translationally driven reactions [54] and has been shown to reproduce CID cross sections well. The model of eq 1 is convoluted with the kinetic energy distributions of both reactants, and a nonlinear leastsquares analysis of the data is performed to give optimized values for the parameters 0 , E 0 , or E 0 (PSL) and n. The errors associated with the measurement of E 0 or E 0 (PSL) are estimated from the range of threshold values determined for eight zero-pressure-extrapolated datasets, variations associated with uncertainties in the vibrational frequencies (scaling as described above), and the error in the absolute energy scale, 0.05 eV (lab). For analyses that include the RRKM lifetime analysis, the uncertainties in the reported E 0 (PSL) values also include the effects of increasing and decreasing the time assumed available for dissociation (ϳ100 s) by a factor of 2.
Equation 1 explicitly includes the internal energy of the ion, E i . All energy available is treated statistically because the ro-vibrational energy of the reactants is redistributed throughout the M ϩ (TMP) complex upon impact with the Xe atom. Because the CID processes examined here are simple noncovalent bond cleavage reactions, the E 0 (PSL) values determined by analysis with eq 1 can be equated to 0 K BDEs [37, 55] .
Results
Cross Sections for Collision-Induced Dissociation
Experimental cross sections were obtained for the interaction of Xe with five M ϩ (TMP) complexes, where Figure 2 . The other M ϩ (TMP) complexes exhibit similar CID behavior and are shown in the Supplementary material, Figure  1S . Over the collision energy range studied, loss of the intact TMP ligand was the only dissociation pathway observed for all five of these systems as summarized in the CID reactions, eq 2.
The apparent threshold for eq 2 is the largest for the Li ϩ (TMP) complex, and decreases with increasing size of the alkali metal cation. This behavior indicates that the strength of binding in these complexes is inversely correlated with the size of the alkali metal cation as expected for electrostatic binding.
Threshold Analysis
The model of eq 1 was used to analyze the thresholds for eq 2 in five M ϩ (TMP) systems. The results of these analyses are provided in Table 1 . A representative fit to the CID cross section for the Na ϩ (TMP) complex is shown in Figure 3 , while fits to the other M ϩ (TMP) complexes are shown in the Supplementary material as Figure 2S . In all cases, the experimental cross sections for CID eq 2 are accurately reproduced using a loose PSL TS model [25] . Previous work has shown that this model provides the most accurate assessment of the kinetic shifts for CID processes of electrostatically bound ion-molecule complexes [25, 33] . Good reproduction of the data is obtained over energy ranges exceeding 1.5 eV and cross section magnitudes of at least a factor of 100. Table 1 frequencies is the same [48] for all of the M ϩ (TMP) complexes. Because the density of states of the complex at threshold depends on the measured BDE, the kinetic shift is expected to directly correlate with BDE. This is exactly what is observed as summarized in Table 1 .
The entropy of activation, ⌬S † , is a measure of the looseness of the TS and also a reflection of the complexity of the system. It is largely determined by the molecular parameters used to model the energized molecule and the TS for dissociation, but also depends on the threshold energy. The ⌬S † (PSL) values at 1000 K are listed in Table 1 and vary from 24 to 15 kJ/mol and are indicative of fairly loose binding.
Theoretical Results
Theoretical structures for neutral TMP and the M ϩ (TMP) complexes were calculated as described above. Table 2 provides key geometrical parameters of the optimized geometries for the ground state conformers of each of these species. The geometry-optimized structures for several low-energy conformers of neutral TMP and the M ϩ (TMP) complexes are shown in Figures  4 and 5 , respectively.
Several representative low-energy conformers were found for neutral TMP and the M ϩ (TMP) complexes. In the ground state conformation of neutral TMP, designated as the C3 conformer based upon its symmetry, all three methyl groups are completely staggered to minimize repulsion with each other. Rotation of a single methyl group away from the oxo oxygen atom destabilizes TMP by 4.6 kJ/mol and produces the C1 conformer. Rotation of additional methyl groups leads to even higher energy configurations. When the other two methyl groups of the C1 conformer are oriented opposite each other, designated as the Cs conformer, TMP is further destabilized by 4.2 kJ/mol, and thus lies 8.8 kJ/mol about the ground state C3 conformer. These results are consistent with previous experimental and high-level ab initio calculations [15, 16, 19] .
The ground state structure for all of the M ϩ (TMP) complexes is very similar, and involves interaction of the alkali metal cation with two oxygen atoms, the oxo and one of the alkoxy oxygen atoms. The methyl group of the alkoxy oxygen atom interacting with the alkali metal cation is oriented away from oxo oxygen atom to minimize repulsion with the metal cation, while the other two methyl groups remain staggered to minimize repulsion with each other, such that the TMP ligand takes on a conformation similar to the C1 conformer of neutral TMP in the M ϩ (TMP) complexes. This presumably occurs so that metal cation can gain additional stabilization by also interacting with the alkoxy oxygen atom. Binding of M ϩ to the ground-state C3 Conformer results in monodentate binding to the oxo oxygen atom, and produces a conformation that is only 10.8 kJ/mol less stable than the ground-state conformer for the Na ϩ (TMP) complex. This suggests that the alkali metal cation-oxo oxygen atom interaction dominates the binding, such that the interaction with the second oxygen atom only enhances the binding by roughly 10%. This interaction is likely to provide a similar amount of relative stabilization energy for all of the M ϩ (TMP) complexes.
As summarized in Table 2 , the metal cation-oxo oxygen (M ϩ -O1) bond lengths are significantly shorter Figure 3. Zero-pressure-extrapolated cross sections for collisioninduced dissociation of Na ϩ (TMP) complex with Xe in the threshold region as a function of kinetic energy in the center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis). The solid lines show the best fits to the data using eq 1 convoluted over the neutral and ion kinetic and internal energy distributions. The dotted lines show the model cross section in the absence of experimental kinetic energy broadening for reactants with an internal energy corresponding to 0 K. than the metal cation-alkoxy oxygen bond lengths (M (TMP) complexes, there is one conformation that is very close in stability to the ground state structure, lying only 8.2, 3.8, and 2.6 kJ/mol higher in energy than the corresponding ground state conformers, respectively. The only differences between these low-energy and ground state conformers is that the M ϩ -O1 bond is lengthened by 0.099, 0.075, and 0.061 Å, while M ϩ -O2 bond is shortened by 1.417, 1.079, and 1.116 Å, respectively, such that the M ϩ -oxo oxygen and M ϩ -alkoxy oxygen atom interactions contribute more equally to the binding. Such low-energy conformers are not found for the larger cations, Rb ϩ and Cs ϩ .
Discussion
Trends in the Binding of Alkali Metal Cations to TMP
The 0 K BDEs of the M ϩ (TMP) complexes measured hereÅ areÅ summarizedÅ inÅ TableÅ Good agreement between the theoretical and the TCID experimental results is obtained for all of the M ϩ (TMP) complexes, except Li ϩ (TMP). The mean absolute deviation (MAD) between theory and experiment for all five complexes is 16.1 Ϯ 15.8 kJ/mol, more than twice the average experimental uncertainty (AEU) in these values, 6.8 Ϯ 4.4 kJ/mol. If Li ϩ (TMP) is not included, the MAD decreases to 9.6 Ϯ 7.5 kJ/mol. The AEU also decreases to 4.9 Ϯ 1.1 kJ/mol because the experimental error for the Li ϩ (TMP) complex is larger than other complexes. Clearly the Li ϩ (TMP) complex is the principal contributor to the MAD. Theory systematically underestimates the BDE of the Li ϩ (TMP) complex because the basis sets employed in the current study do not allow core correlation, and the higher degree of covalency in the Li ϩ -(TMP) interactions requires such core correlation to accurately describe the interaction. In an independent study of a number of Li ϩ (ligand) complexesÅ [56] ,Å itÅ wasÅ foundÅ thatÅ completeÅ basisÅ set (CBS) extrapolation of calculations performed at the Present results, calculated at the B3LYP/6-311ϩG(2d,2p)//B3LYP/6-31G* and B3LYP/6-311ϩG(2d,2p)-HW//B3LYP/6-31G*-HW levels of theory. Calculated at the MP2(full)/aug-cc-pVDZ and MP2(full)/(aug-cc-pVDZ,Stuttgart) level of theory, reference [26] .
Comparison of Theory and Experiment
f TCID, reference [27] .
g Ion molecule association reaction, reference [29] .
h High pressure mass spectrometry, reference [30] .
i TCID, reference [28] .
j Ion-molecule association reaction, reference [31] . MP2(full)/aug-cc-PVnZ//MP2(full)/cc-PVDZ levels of theory where n ϭ D, T, and Q with additional core correlation functions on Li ϩ are necessary to provide accurate BDEs for Li ϩ (ligand) complexes. However, the G3 level of theory was also found to do a reasonable job even though Li ϩ core correlation is not included in the protocol. Unfortunately, calculations at these levels of theory are extremely resource-and time-intensive even for much smaller systems than the M ϩ (TMP) complexes examined here. Therefore, these advanced calculations were not pursued for the Li ϩ (TMP) complex in the present study. The experimental results for the Rb ϩ and Cs ϩ complexes also exhibit somewhat less satisfactory agreement with theory, but much better than that for the Li ϩ complex, and is likely the result of the effective core potentials used to describe these two cations. Similar behavior for Rb ϩ and Cs ϩ complexes has been observed in our previous studies of alkali metal cation binding to other ligands where the BDEs computed using ECPs are found to underestimate the strength of bindingÅ [57,Å 58] .
Conversion from 0 to 298 K
The 0 K BDEs determined here are converted to 298 K bond enthalpies and free energies to allow comparison to literature values and commonly employed experimental conditions. The conversions are calculated using standard formulas (assuming harmonic oscillator and rigid rotor models) and the vibrational and rotational constants determined for the B3LYP/6-31G* optimized geometries, listed in Tables 1S and 2S. Table 4S lists the 0 and 298 K enthalpy, free-energy, and enthalpic and entropic corrections for all of the M ϩ (TMP) complexes experimentallyÅ andÅ theoreticallyÅ determinedÅ (fromÅ TableÅ 3).Å UncertaintiesÅ areÅ determinedÅ byÅ 10%Å variationÅ in the molecular constants. The trends in the 298 K enthalpies and free energies parallel that found at 0 K.
Comparison of Alkali Metal Cation Binding to Methanol and Acetone
Theoretical calculations suggest that multiple favorable metal cation binding modes to TMP exist for all five alkali metal cations investigated. The ground state conformer involves bidentate binding of M ϩ to the oxo and one of the alkoxy oxygen atoms, i.e., the C3 conformer. To dissect the relative contributions of these two interactions to the binding, the M ϩ (TMP) complexes are compared with the analogous M ϩ (acetone) [26,Å30] ÅandÅM ϩ (methanol)ÅcomplexesÅ [27] [28] [29] [30] [31] [32] .ÅThe M M ϩ (methanol) complexes. Thus, the bidentate interaction with the alkoxy oxygen atom produces a change in the binding geometry and strength of interaction with both the oxo and alkoxy oxygen atoms that weakens these interactions relative to individual monodentate interactions, but must clearly result in overall stronger binding or such binding geometries would not correspond to the ground state conformers. The steric limitations on the binding result in the BDEs of the M ϩ (TMP) complexes being ϳ20% to 30% smaller than the sum of the corresponding M ϩ (acetone) and M ϩ (methanol) BDEs. The steric limitations are the greatest for the smallest cations, where the largest deviations from the ideal binding geometries exist, and decrease with increasing size of the alkali metal cation.
Comparison of Alkali Metal Cation Binding to Phosphate Esters in the Gas versus Condensed Phases
In the condensed phases, metal cation-phosphate ester interactions are complicated by intermolecular and solvation interactions. In crystal structures the alkali metal cations bind in a asymmetric monodentate fashion to the deprotonated phosphate group indicating that interaction with water molecules is more favorable than a bidentate interaction with the phosphate group as found for the isolated M ϩ (TMP) complexes examined here. The interaction of the metal cation with additional water molecules in the condensed phase should further weaken the metal cation-phosphate ester interaction as compareÅ toÅ theÅ isolatedÅ speciesÅ inÅ theÅ gasÅ phaseÅ [11,Å 12] . This suggests that the alkali metal cation-phosphate ester interactions in solution are intermediate between the gas-phase interactions of alkali metal cations with the corresponding neutral and deprotonated phosphate esters. According to a quantum chemical and molecular dynamicsÅ studyÅ [59] ,Å 80%Å ofÅ Na ϩÅ cationsÅ areÅ almost entirely associated with the phosphate group of DNA and are approximately equally distributed between its first and second solvation shells. This indicates that alkali metal cation binding to the phosphate group is stronger than to water, ensuring that alkali metal cations effectively bind and contribute to the structural stabilization of nucleic acids.
Conclusions
The kinetic energy dependence of the CID of M ϩ (TMP) complexes, where M ϩ ϭ Li ϩ , Na ϩ , K ϩ , Rb ϩ , and Cs ϩ , with Xe are examined in a guided ion beam tandem mass spectrometer. The loss of the intact TMP ligand is the only dissociation pathway observed for all of these complexes. The thresholds for these dissociation processes are interpreted to yield 0 and 298 K M ϩ -(TMP) BDEs. The molecular parameters needed for the analysis of experimental data as well as structures and theoretical estimates of the BDEs of the M ϩ (TMP) complexes are obtained from theoretical calculations performed at the B3LYP/6-311ϩG(2d,2p)//B3LYP/ 6-31G* and B3LYP/6-311ϩG(2d,2p)//B3LYP/6-31G*-HW levels of theory. The agreement between theory and experiment is reasonably good for all complexes except the Li ϩ (TMP) complex, where theory systematically underestimates the BDE. Rb ϩ and Cs ϩ complexes also exhibit less satisfactory agreement with theory, probably because of the effective core potentials used to describe these metal cations. The M ϩ -(TMP) BDEs are observed to decrease monotonically as the size of the alkali metal cation increases from Li ϩ to Cs ϩ . This behavior is explained in terms of the electrostatic nature of the binding. No activated dissociation of TMP was observed upon alkali metal cation binding, even for the relatively strongly bound Li ϩ and Na ϩ cations, suggesting that either stronger binding or specific orbital interactions between the metal cation and TMP ligand are required to activate TMP. The alkali metal cations prefer to bind in a bidentate fashion to the oxo and one of the alkoxy oxygen atoms of TMP, while for methanol and acetone, monodentate binding occurs. As a result, the strength of alkali metal cation binding to TMP is stronger than to acetone or methanol. However, it is weaker than the sum of the individual binding interactions to these ligands as a result of steric limitations.
